Later life metabolic dysfunction is a wellrecognized consequence of being born small for gestational age (SGA). This study has applied metabolomics to identify whether there are changes in these pathways in prepubertal short SGA children and aimed to compare the intracellular and extracellular metabolome in fibroblasts derived from healthy children and SGA children with postnatal growth impairment. Methods: Skin fibroblast cell lines were established from eight SGA children (age 1.8-10.3 y) with failure of catch-up growth and from three healthy control children. Confluent cells were incubated in serum-free media and the spent growth medium (metabolic footprint), and intracellular metabolome (metabolic fingerprint) were analyzed by gas-chromatography mass spectrometry. results: Nineteen metabolites were significantly altered between SGA and control cell lines. The greatest fold difference (FD) was seen for alanine (fingerprint FD, SGA: control 0.3, P = 0.01 and footprint FD = 0.19, P = 0.01), aspartic acid (fingerprint FD = 5.21, P = 0.01), and cystine (footprint FD = 1.66, P = 0.02). Network analysis of the differentially expressed metabolites predicted inhibition of insulin as well as growth (ERK) signaling in SGA cells. conclusion: This study indicates that changes in cellular metabolism associated with both growth failure and insulin insensitivity are present in prepubertal short children born SGA.
t here are approximately 700,000 children born in the United Kingdom each year (1) . Using a definition of small for gestational age (SGA) as a birth weight more than 2 SD below mean birth weight, there are approximately 16,000 SGA children born each year. SGA neonates can broadly be divided into those who are constitutionally small (i.e., small in comparison to population standards but normal for familial and ethnic background) and those with pathological growth impairment (2) . Intrauterine growth restriction is a term applied to fetuses and neonates with an estimated fetal weight or birth weight/length <10th percentile due to pathological growth restriction due to adverse genetic or environmental influences (3) . Around 10% of children born SGA will fail to show catch-up growth over the first 2 y of life, leaving approximately 1,600 children in the United Kingdom who remain short (height standard deviation score (SDS) <-2) at 2 y of age (4) . As well as growth impairment children born SGA are at increased risk of cardiovascular disease, hypertension, hyperlipidaemia, and type 2 diabetes in adulthood (5) .
The causes of children being born SGA are numerous and include maternal, placental, and fetal factors (5) . There are a small number of monogenic causes for a child to be born SGA and experience poor postnatal growth (e.g., 3-M syndrome, Bloom syndrome, Microcephalic Osteodysplastic dwarfism type II, IGF-IR mutations, Seckel syndrome, and Mulibrey nanism) (6) .
Metabolomics provides a number of advantages over single analyte measurement, for example, high-throughput analytical strategies and the provision of a dynamic and sensitive measure of all metabolites that contribute to the phenotype being examined (7) . In mammals, metabolomics is typically applied in the discovery of novel biomarkers of disease (8) (9) (10) (11) , drug efficacy (12) , or toxicity (10) , or is used to understand molecular pathophysiological mechanisms (12) (13) (14) . In mammalian systems, metabolites act as building blocks for larger molecules (e.g., proteins) and structures (e.g., lipids in cell walls) and they act to regulate biochemical processes (e.g., allosterism) and as signaling molecules (7) . When studying cultured mammalian cells and tissues, two separate but linked metabolomes can be studied, the intracellular metabolome (metabolic fingerprint) and the extracellular metabolome (metabolic footprint). The metabolic fingerprint allows a snapshot of cellular metabolism to be obtained while the footprint reflects the effects of metabolite uptake and secretion.
This study has used an established ex-vivo skin fibroblast cell model as previous work has shown this to be a good model for examining growth disorders (15) (16) (17) . The aim of this study was to elucidate potential novel pathophysiological mechanisms associated with (i) failure of postnatal catch-up growth in SGA children and (ii) the well-recognized predisposition to metabolic morbidity and diabetes in later life in short children born SGA (18) . A model culture system using ex-vivo skin fibroblast cells was applied in this study as previous work has shown this to be a good model for examining growth disorders (15) (16) (17) . While previous studies have examined serum and urine metabolomics in SGA/IUGR children (19) (20) (21) by utilizing a cell-based model, it is possible to gain deeper insight into intracellular metabolism, potentially yielding useful information on the mechanisms underlying the growth impairment, and metabolic changes seen in these patients.
RESULTS
In the metabolic fingerprint study, 93 unique chromatographic peaks (related to 38 unique and identified metabolites) were detected in the samples from both control and SGA cells. In the metabolic footprint study, 95 unique chromatographic peaks were detected in all samples studied; these related to 39 unique and identified metabolites.
Comparing the metabolome (fingerprint and footprint) of all the SGA patient cells (n = 8) to controls (n = 3), 29 metabolic peaks representing 8 unique and identified metabolites in the fingerprint and 11 unique and identified metabolites in the footprint were statistically significantly up-or downregulated ( Table 1) . The amino acid alanine was downregulated in the SGA cell lines in both footprint (fold difference (FD) = 0.33) and fingerprint (FD = 0.19). There were five amino acids upregulated in the metabolic fingerprint of the SGA cell lines: threonine, ornithine, serine, aspartic acid, and glutamic acid. The only metabolites not classified as amino acids and identified in the fingerprint were the carbohydrate fructose, which was upregulated in the SGA cell lines (FD = 1.8) and the Krebs cycle intermediary, citric acid, which was also upregulated (FD = 1.53). In the metabolic footprint data, the amino acids cysteine (FD = 0.32) and phenylalanine (FD = 0.65) were downregulated in SGA cell lines while cystine was upregulated (FD = 1.66). Pyruvic acid was upregulated and 2-methyl-3-hydroxybutanoic acid and 3-methylpentanoic acid were downregulated in the SGA cell lines.
Subgroup analysis comparing the 3-M syndrome and non-3-M syndrome patients both to control and to each other also identified differences in the metabolomics fingerprint and footprint (see Supplementary Tables S1-S3 online). Of the 18 metabolic peaks identified as differentially regulated between control and 3-M patients, only 3 (inositol-1-phosphate, glutamine, and 2-oxopropanoic acid) were not also identified as dysregulated in the whole group analysis. There were also 18 metabolites significantly different between the non-3-M patients and controls of which 3 (myo-inositol, lysine, and phosphate) were not identified as being dysregulated between all patients and controls. There were five metabolic peaks in the fingerprint (alanine, aspartic acid, fructose, ornithine, and serine) and three in the footprint (3-methylpentanoic acid, alanine, and cysteine) significantly different to controls for all the patients as well as in both the subgroup analyses of 3-M and non 3-M patients. There were 21 different metabolites significantly up-or downregulated between the 3-M and non-3-M patients ( Supplementary Table S3 online) including 9 metabolites in the footprint and 11 in the fingerprint.
Metabolic Pathway Enrichment Analysis, using MetaboAnalyst (22) was performed by including all unique and statistically significant metabolites detected in the metabolic fingerprint and footprint samples when comparing all the SGA patient cells to controls. Five metabolic pathways showed enrichment with a false discovery rate of q < 0.05 (see Table 2 ). 
Articles
An interaction network formed from the metabolites identified as differentially regulated between all SGA patient and control cell lines contained PI3K, AKT, p38, and ERK in addition to molecules in the proinsulin-insulin pathway (Figure 1) . This interaction network predicts inhibition insulin activity. Biological functions associated with the differentially regulated metabolites included carbohydrate metabolism, cell-cell signaling, cell growth and cell cycle (see Figure 2) .
The identification of these protein kinases in the network led us to validate their involvement by examining the activation of kinases in response to IGF-I using a phospho-kinase array in the cell lines. Treatment with IGF-I led to a significant change (P < 0.05) in phosphorylation of nine proteins in control cells (ERK1, ERK2, JNK1, JNK2, pan JNK, p38, RSK2, pan AKT, and MSK2) and seven proteins in the SGA cells (ERK1, JNK1, p38, RSK1, RSK2, AKT2, and MSK2) (see Figure 3) . These data imply that in control but not in SGA cells IGF-I preferentially activates ERK2 and JNK2 while, in SGA but not controls, IGF-I preferentially activates RSK1. Both ERK2 and JNK are contained within the interaction network formed from the differentially regulated metabolites (Figure 1) and are linked via glutamic acid.
DISCUSSION
The primary aim of this study was to identify metabolomic changes in fibroblasts from children with a severe SGA/growth impairment syndrome and to identify pathogenic mechanisms linking these metabolomic changes to short stature and/ or early markers of metabolic disease. There are limited data available on metabolomic changes in SGA children: one study identified changes in the metabolome in media conditioned by placental explants from pregnancies complicated by SGA (23) . Seventy-nine metabolites were altered including aconitate, lithospermic acid, tryptophan, and oxoproline. Alterations of multiple metabolites, including amino acids, lipids, and myo-inositol, have been identified in the serum of piglets with Figure 1 . Interaction network of differences in metabolite regulation between control and small for gestational age patient cell lines. Nineteen metabolites were identified as differentially regulated between control and patient cells; these were used to define a network with inferred protein and metabolite interactions (Ingenuity Pathway Analysis Software (IPA)). Predicted activity in the network was calculated by derivation from the findings within the Ingenuity Knowledge Base database between the unknown molecule and its known neighbors (Molecule Activity Predictor in IPA). Purple highlight indicates involvement with insulin signaling (13/44). Red = predicted to be upregulated with darker red indicating greater upregulation. Green = predicted downregulated with darker green indicating greater downregulation. Orange = predicted activation with darker orange indicating greater activation. Blue = predicted inhibition with darker blue indicating greater inhibition. Articles Murray et al.
intrauterine growth restriction (24) . Dessì et al. (20) studied the urinary metabolome in intrauterine growth restricted (IUGR) and normal weight newborns and identified differences in the concentrations of myo-inositol and creatinine (both upregulated). An increase in myo-inositol was demonstrated in a second cohort of IUGR infants as well as in large for gestational age infants (19, 25) . The IUGR infants from the studies of Dessì et al used a definition of weight at birth <10th centile and so may have included in the IUGR group newborns who would be classed as normal based on a definition of SGA being a weight SDS <−2. Another study compared the metabolome from cord blood samples of SGA and AGA infants and identified increases in the amino acids proline, valine, isoleucine, glutamate, phenylalanine, and tryptophan (26) . Work from our own laboratory studying the serum and urine metabolome of 33 SGA children (all age >4 y, 22 catch up and 11 noncatch-up) identified significant differences in myo-inositol (in urine), decanoic acid (in serum), glutamine (in serum), uric acid (in urine), and carnitine (in urine) (21) . The most consistently identified metabolite altered in SGA/IUGR appears to be myo-inositol. With the exception of phenylalanine, the metabolites identified as being altered in SGA in this study are different to those identified in other studies, which represents the differences in examining biofluids (urine or serum) compared to the cellular metabolome. A cell model was chosen for this study in order to allow examination of a snapshot of the intracellular metabolism as previous studies have focused on serum, urine, and conditioned media (all of which provide information on longer-term metabolic uptake and secretion). Fibroblasts were chosen as they have previously been shown to be a good model for studying growth disorders (15) (16) (17) and are easy to obtain via a skin biopsy. For studying the effects of being SGA on glucose, fat, or lipid metabolism, it may be better to dedifferentiate the fibroblasts into induced pluripotent stem cells and then redifferentiate the stem cells into adipocytes or hepatocytes. The growth and metabolic changes seen in short children born SGA represent long-term modifications to cellular processes. Studying a cultured fibroblast cell line rather than tissue avoided the possibility of local factors at the time of biopsy (e.g., trauma) influencing results.
In this study, there were decreases in 2-methyl-3-hydroxybutanoic acid and 3-methylpentanoic acid, which are both organic acids generated by isoleucine metabolism. Isoleucine is one of the three branched chain amino acids and increases in levels of the branched chain amino acids are linked to obesity and insulin resistance (27) . A second observation was related to the depletion of the intracellular alanine pool either as a result of increased production of aspartic acid, glutamic acid, and ornithine or as a result of reduced conversion of pyruvate to alanine via alanine transferase. Alanine was present at a fourfold lower concentration in SGA subjects while aspartic acid was present at a fourfold higher concentration in the metabolic fingerprint and pyruvate at 1.4-fold higher concentration. Ornithine and glutamic acid, both products of alanine catabolism, were present at 1.4-fold higher concentrations in SGA subjects in the metabolic fingerprint. Thus, there is evidence for both reduced production and increased catabolism of alanine. Abnormalities in alanine and branched chain amino acids have been linked to cardiovascular disease as a rise in these metabolites is found in populations in China where there are increased rates of cardiovascular disease and obesity (28) . Alterations in the levels of alanine, threonine, and the branched chain amino acids have also been found in infants born with weight of less than 1,500 g (this study included premature infants, hence not all infants will have been SGA) (29) .
Biological network analysis of the footprint and fingerprint metabolomic data obtained in this study identified a network involving insulin and PI3K, ERK, and AKT. The biological functions significantly associated with the differentially regulated metabolites included cell growth, cell cycle, and carbohydrate metabolism. PI3K, ERK, and AKT are involved in the signal transduction pathways of both insulin and IGF-I receptors. Alterations in signal transduction of IGF-I and insulin are a plausible mechanism to cause both the growth and metabolic effects seen in SGA children. Increased activity within growthrelated pathways has previously been associated with short stature disorders such as Noonan syndrome (30) , while inhibition of insulin signaling is seen in Donohue syndrome, also associated with growth restriction (31) . This study therefore strengthens the suggestion that the cellular metabolic pathways involved in glucose regulation and growth are altered in SGA children. The phospho-kinase array identified differences between the control and SGA cell lines in the activation of growth-related signaling pathways and these were represented in the network analysis (ERK, JNK2, and RSK2).
This study has identified multiple metabolomic changes in fibroblasts from SGA children. Horgan et al. (32) identified a serum metabolomic profile in early pregnancy, which 
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Articles was predictive of the child being born SGA. Further work is required to determine if any of these metabolomic changes can be used either in utero or during the first few months of life to predict subsequent growth and metabolic health in SGA children. The limitations of the study include the small number of subjects and the use of GC-MS only. The application of liquid-chromatography-mass spectrometry would increase the coverage of metabolites detected. Evidence is presented for changes in growth and glucose metabolism pathways in skin fibroblast cell lines derived from SGA children. Further extensive studies are required to identify whether changes in the metabolome may correlate with growth phenotype, for instance, differentiating those SGA children who are destined either to experience inadequate catch-up growth, full catchup, or even excessive weight gain. In particular, future studies should focus on expanding this work into the clinical arena with prospective studies in babies born SGA.
In conclusion, we have identified intracellular metabolomic changes linked in network analysis to reduced insulin and IGF-I signal transduction in fibroblasts derived from short children born SGA.
METHODS

Patients
Patients were recruited from the regional Growth Clinic at the Royal Manchester Children's Hospital. They were eligible for inclusion where they were born SGA (birth weight SDS ≤−2 SD) and had either failure of catch-up growth with height SDS ≤−2 at >2 y of age or an identified genetic mutation associated with absence of catch-up growth. Seven patients were recruited on the basis of a height <−2 SD at >2 y of age with the remaining child recruited at 1.8 y of age displaying no evidence of catch-up growth and having a CUL7 mutation, which is associated with absence of postnatal catch-up. All of our patients therefore had pathological growth impairment demonstrated by genetic mutations associated with growth failure (n = 5), evidence on intrauterine growth restriction on antenatal ultrasound (n = 5), and postnatal growth impairment (n = 8). Skin fibroblast cell lines were derived from three SGA patients with no defined etiology, one patient with Russell Silver syndrome (11p15 hypomethylation), four 3-M syndrome patients, and three control subjects. Including those with a defined as well as undefined etiology allowed us to assess whether their metabolome overall gives any indication of general growth and metabolic disorders in childhood. Biopsies were obtained from the forearm after application of EMLA cream (AstraZeneca, Macclesfield, UK). The 3-M patients included one male with a homozygous CUL7 mutation (c.4191delC p.H1379HfsX11), one male and one female (siblings) with a homozygous OBSL1 mutation (c.1273insA, p.T425NfsX40), and one female with a homozygous CCDC8 mutation (c.84dup, p.L29X). All children had exhibited significant failure of postnatal growth (see Table 3 ). The three control fibroblast cell lines (two male aged 4 and 9 y, one female aged 7 y) were derived from skin obtained during removal of skin tags from healthy normal statured children and was provided by the University of Manchester Centre for Genomic Medicine. All patients and control subjects were prepubertal at the time the skin samples were obtained.
Informed consent was obtained from parents, and the study was approved by the Central Manchester Research Ethics Committee (07/ Q1402/67 and 08/H1008/39) (North West Centre for Research Ethics Committees, Manchester, UK).
Cell Culture
Fibroblast cells were cultured in Dulbecco's modified Eagles medium (Invitrogen, Paisley, UK) supplemented to a final concentration with 10% fetal bovine serum (Invitrogen), 50 units/ml penicillin, 50 μg/ ml streptomycin, 2 mmol/l glutamine and 2.5 μg/ml amphoterocin B 
